The aim of this study was to investigate the antioxidant role of zinc (Zn) in the Cd-exposed testes of Wistar rats. Subchronic exposure to Cd (CdCl2, 40 mg/l, per os) for 30 days resulted in a significant reduction in growth rate (-11%) and relative weights of testes (-36%) and seminal vesicles (-80%). Treated rats displayed a decrease in testicular and plasma testosterone levels, respectively (-70%, P<0.05; -48%, P<0.05), epididymal sperm count (-22%, P<0.05), and spermatozoa motility (-35%, P<0.05). In contrast, Cd increased the malondialdehyde (+46%, P<0.05), metallothionein (+200%, P<0.05), and 8-oxodGuo concentrations (+71%, P<0.05) in the testis. In the gonad, Cd decreased the GPx (-30%, P<0.05), CAT (-32%, P<0.05), mitochondrial Mn-SOD (-34%, P<0.05), and cytosolic CuZn-SOD (-32%, P<0.05) activities. Zinc supplementation (ZnCl2, 40 mg/l, per os) in the Cd-exposed rats restored the activities of GPx, CuZn-SOD, and Mn-SOD in the testes to the levels of the control group. Moreover, zinc administration was capable of reducing the elevated levels of malondialdehyde in the testis. Interestingly, zinc supplementation attenuated DNA oxidation induced by Cd in the gonad and restored the testosterone level and sperm count to the levels of the control group. Zinc administration minimized oxidative damage and reversed the impairment of spermatogenesis and testosterone production induced by Cd in the rat testis.
(J. Reprod. Dev. 54: [129] [130] [131] [132] [133] [134] 2008) admium (Cd) is a well-recognized environmental pollutant with numerous adverse health effects. The testis is known to serve as one of the important targets of Cd. Many studies indicate that Cd induces testicular damage in many species of animals, including mice, hamsters, rabbits, guinea pigs and dogs [1, 2] . Cadmium has a profound effect on sex organ weight, which is the primary indicator of possible alteration in androgen status [3] . It can also, directly inhibit primary Leydig cell testosterone levels but the mechanism of this effect is unknown [4] . Several mechanisms of Cd-induced testicular toxicity have been proposed. Lafuente et al. [5] reported increased Cd accumulation in the hypothalamus, pituitary, and testis and decreased plasma levels of follicle stimulating hormone in rats, suggesting a possible effect of Cd on the hypothalamic-pituitary-testicular axis. Previous data also, suggests that reactive oxygen species (ROS) are involved in Cd-induced testicular damage [6] . Acute, as well as chronic, Cd exposure is associated with elevated lipid peroxidation in the lung, brain, kidney, liver, erythrocytes, and testis [7] [8] [9] [10] [11] . Yang et al. [12] showed that Cd induces DNA single-strand breaks in Leydig cells in vitro, as revealed by the single cell gel electrophoresis (Comet) assay.
Zinc is a trace element essential for living organisms. More then 300 enzymes require Zn for their activity. It also plays an important role in the DNA replication, transcription, and protein synthesis, influencing cell division and differentiation [13] . It has been noted that Zn has a relationship with many enzymes in the body and can prevent cell damage through activation of the antioxidant system [14] [15] [16] . Zinc is an essential component of the oxidant defense system and functions at many levels [17] . One study has shown that Zn deficiency in the diet paves the way for cell damage in the rat testis [6] . Furthermore, Zn deficiency increases lipid peroxidation in various rat tissues, whereas the Zn supplementation corrects the impairment [16, 18] .
The present study was designed to investigate whether Zn can reverse the Cd-induced effects on the antioxidant system, spermatogenesis, and steroidogenesis in the rat testis.
Materials and Methods

Animal experimentation
Adult Wistar male rats (Siphat, Tunis, Tunisia) 90 days of age and weighing 180-200 g were randomly divided into the following groups: control rats (n=6), Cd-exposed rats (n=6), Zn-treated rats (n=6) and co-exposed rats (Cd+Zn) (n=6). The animals were housed in groups of six in cages at 25 C under a 12 h light/12 h dark cycle, with free access to water and commercial wash. The rats received cadmium chloride solution in drinking water (40 mg/l, per os) for 30 days. The co-exposed rats were treated with Cd (40 mg/ l, per os) and zinc (40 mg/l, per os) for 30 consecutive days.
The animals were cared for under the Tunisian code of practice for the Care and Use of Animals for Scientific Purposes. The experimental protocols were approved by the Faculty Ethics Committee (Faculté des Sciences de Bizerte, Jarzouna, Tunisia).
Tissue preparation
The control and treated groups were sacrificed, and their testes were harvested immediately. The testes were weighed, rinsed with ice-cold deionized water, and dried with filter paper. Fractions of testes (500 mg) were homogenized in buffer [Tris 10 mM, ethylenediaminetetraacetic acid (EDTA) 1 mM, PMSF 1 mM, pH=7.5; Sigma-Aldrich Chemicals, St. Louis, MO, USA)]. The homogenates were centrifugated at 600 × g for 10 min and recentrifugated at 13,000 × g for 20 min at 4 C to obtain a postnuclear homogenate and postmitochondrial supernatant fractions [19] .
Malondialdehyde (MDA) assay
Lipid peroxidation (LPO) was measured in the testes using thiobarbituric acid reacting substance (TBARS) and was expressed in terms of malondialdehyde (MDA) content [20] . Sample aliquots were incubated with 10% trichloroacetic acid and 0.67% thiobarbituric acid. The mixture was heated in a boiling water bath for 30 min, an equal volume of n-butanol was added, and the final mixture was centrifuged. the organic phase was collected for fluorescence measurements. The samples assayed for MDA contained 1 mM butylated hydroxytoluene (BHT; Sigma) in order to prevent artefactual LPO during the boiling step. The absorbance of the samples was determined at 532 nm. The results were expressed as μmol MDA/g protein.
Glutathione peroxidase activity
The reaction was carried out at 25 C in 600 μl of solution containing 100 mM of potassium phosphate buffer (pH 7.7), 1 mM EDTA, 0.4 mM sodium azide, 2 mM glutathione, 0.1 mM nicotinamide adenine dinucleotide phosphate (NADPH) and 0.62 U glutathione reductase (Sigma). The activity of glutathione peroxidase (GPx) was assayed by the subsequent oxidation of NADPH at 340 nm with t-buthyl-hydroperoxide as the substrate [21] .
Catalase activity
Catalase (CAT) activity was measured at 20 C according to the method of Aebi [22] . The homogenate was incubated with ethanol (10%) and Triton X-100 (10%). Activity was assayed at 25 C by determining the rate of degradation of H2O2 at 240 nm in 10 mM potassium phosphate buffer (pH 7.0). An extinction coefficient of 43.6 mM/cm was used for calculations. One unit was defined as 1 pmol of H2O2 consumed per minute, and the specific activity was reported as units per milligram of protein.
Superoxide dismutase activity
The method described by Paoletti and Macoli [23] was used for assay of superoxide dismutase (SOD) activity. This method consists of a purely chemical reaction sequence that generates superoxide from molecular oxygen in the presence of EDTA, manganese II chloride, and mercaptoethanol.
Measure of metallothioneins (MTs)
Determination of MTs was performed according to the tech-nique described by Eaton and Cherian [24] .
Testosterone assay
Radioimmunoassay (RIA) for serum and testicular testosterone was carried out with a testosterone 125 I RIA Kit (ICN, Biochemical, Immunotech, Marseille, France) according to the manufacturer's protocol, as reported previously [3] . Radioactivity was determined by gamma scintillation counting. All samples were run in duplicate in a single assay to avoid interassay variation.
Sperm count and motility
Assessment of sperm count and motility was performed according to the method of Freund and Carol [25] . The two cauda epididymis from each rat were placed in 2 ml of warmed (37 C) Earle's buffer. Sperm count and motility were examined using Mallassez cells and the light microscope as described by Hoppe and Pitts [26] .
DNA extraction from testes and HPLC-EC analyses
DNA was extracted using a previously reported chaotropic method that prevents spurious oxidation of DNA bases [27] . Tissues samples were weighed while still frozen and divided into fractions of 200 mg. Each portion of tissue was homogenized in 1.2 ml of buffer (320 mM sucrose, 10 mM Tris, 5 mM MgCl2, 0.1 mM desferr-oxamine mesylate, 1% Triton X-100, pH 7.5; Sigma). After homogenization, the sample was centrifuged at 1,500 × g for 5 min at 4 C. The supernatant was discarded, and the nuclear pellet obtained was suspended in 600 μl of extraction buffer (10 mM Tris, 5 mM EDTA, 0.15 mM desferr-oxamine mesylate). SDS (10% in water) was then added to the suspension. RNase A (100 mg/ml; Sigma) and RNase T1 (1U/μl; Sigma;) were subsequently added, and the resulting suspension was gently vortexed for 10 sec. The sample was incubated for 15 min in a water bath set at 50 C. Proteinase K (30 μl) was then added (Sigma, USA), and the sample was gently vortexed for 10 sec prior to being incubated for 60 min at 37 C. DNA was precipitated by addition of sodium iodide (NaI) solution (1.2 ml). The sample was then vigorously vortexed for 30 sec. Isopropanol (2 ml) was added, and the samples were gently shaken until complete homogeneity was achieved. After centrifugation (5,000 × g for 5 min at room temperature), the DNA pellet was rinsed with 1 ml of 70% ethanol. The DNA pellet was then solubilized into 100 μl of deionised water containing 0.1 mM defer-oxamine mesylate (Sigma). The DNA solution was incubated with 2 units of nuclease P1 (Boehringer Mannheim, Meylan, France), and the sample was held at 37 C for 2 h. Then, 4 units of alkaline phosphatase (Boehringer Mannheim) were added [28] . After incubation for 1 h at 37 C, the samples were centrifuged for 5 min at 5,000 × g, and the aqueous layer was collected and analysed by HPLC-EC. The resulting solution contained normal bases and 8-dihydro-2'-deoxyguanosine (8-oxodGuo; Sigma) as nucleosides. The procedure described by Kasai [29] was applied for measurement of 8-oxodGuo. Typically, the HPLC system consisted of a Merck Hitachi HPLC pump (model 6200 connected to a SIL 9A Auto injector, Shimadzu, Kyoto, Japan). The isocratic mobile phase was comprised of 50 mM KH2PO4 that contained 8% methanol. The flowrate was 1 ml/min. Separation of nucleosides was performed using a C18 reverse-phase Uptisphere ODB octadecylsilyl silica gel column (5 μm, 4.6 mm × 250 mm); Interchim, Montluçon, France) maintained at 30 C. The retention time of 8-oxodGuo was 21.5 min. The amount of DNA analyzed was determined from the area of the peak of 8-oxodGuo after appropriate calibration. A Model 5200 A Coulochem II, Electrochemical Detector (ESA, Chelmsford, MA, USA) was used for detection of 8-oxodGuo. Elution of unmodified nucleosides was monitored using a UV detector (model 2151, LKB, Bromma, Sweden) set at 280 nm. For each sample, the amount of DNA injected onto the column was estimated using the UV signal of dGuo after appropriate calibration.
Data presentation and statistical analysis
Statistical tests were performed using Statistica version 5.0 (StatSoft, Tusla, OK, USA). The data is reported as the mean ± SEM. Differences between means were evaluated by one-way analysis of variance (ANOVA). Statistical significance of differences between means was assessed by Student's t-test. The level of significance was set at P<0.05.
Results
Exposure of rats to Cd resulted in a significant reduction in growth rate (-11%) and relative weights of testes (-36%) and seminal vesicle (-80%; Table 1 ). Subchronic exposure to Cd significantly decreased epididymal sperm numbers (19.50 ± 0.99 vs. 25 ± 1.12 × 10 6 /ml, P<0.05), the percentage of total motile spermatozoa (41.09 ± 4.46 vs. 63.37 ± 4.10%, P<0.05), and the testosterone levels in plasma (0.85 ± 0.29 vs. 1.64 ± 0.18 ng/ml, P<0.05) and testes (1.34 ± 0.08 vs. 4.66 ± 0.51 ng/g, P<0.05; Table  2 ). Zinc supplementation countered the Cd-mediated effects.
In contrast, rats exposed to Cd displayed significant increases in (Table 3 ). Zinc administration restored the antioxidant enzymes except for the CAT activity. Cadmium treatment affected DNA integrity, as revealed by the increase in 8-oxodGuo levels (4.05 ± 0.45 vs. 2.36 ± 0.28 × 8-oxdGuo/10 6 bases, P<0.05) in the testes (Fig. 3) . Supplementation of the Cd-exposed animals with zinc attenuated DNA damage in the testes (2.98 ± 0.50 vs. 2.36 ± 0.28 × 8-oxdGuo/10 6 bases, P>0.05; Fig. 3.) .
Discussion
There is great concern that exposure to Cd causes reproductive toxicity in humans and animals [6, [30] [31] [32] . Our results showed that Cd administration (CdCl2, 40 mg/l, per os) decreased the relative weights of the testis and seminal vesicle in accordance with previous data [33] [34] . Our investigation also demonstrated that subchronic exposure to Cd decreased the count and motility of epididymal spermatozoa and the testosterone concentrations in plasma and testes, indicating interference with spermatogenesis and steroidogenesis. Co-treatment with Zn prevented damage to the testes from Cd exposure. This suggests Cd interference with Zn-related metabolic functions. The competitive mechanism of interaction is a plausible mechanism of protection of Zn in relation to Cd toxicity. Radiolabeled Zn has been reported to be incorporated into elongated spermatids and to display competitive interaction with heavy metals for incorporation [35] . Another possible mechanism of protection for Zn is metallothionein induction. In the present study, co-exposure to Cd and Zn increased the metallothionein con-centration in the rat testis. Bonda et al. [36] reported that Cd treatment decreased the testicular Zn concentration and elevated the levels of hepatic and renal metallothioneins and Zn. Supplemental dietary Zn prevented Cd-induced testicular Zn depletion and injury. Dietary Cd probably produced testicular lesions indirectly by decreasing testicular Zn; this decrease seems to be due to sequestration of Zn by Cd-induced hepatic and renal metallothioneins [37] . Previous studies suggest that Cd induces histopathological changes; the predominant hepatic lesions after acute administration of Cd are cytoplasmic vacuolization in hepatocytes, focal necrosis, and nuclear enlargement [32, 36, 38] . Recently in our laboratory, Amara et al. [39] showed that subchronic exposure to Cd decreases the activity of antioxidant enzymes and increases lipid peroxidation and DNA oxidation in the livers and kidneys of rats. This effect was related to induction of oxidative stress. Our results showed that the GPx, CAT, and SOD activities were distinctly lower in the testes of Cd-exposed rats. Therefore, the increase in testicular MDA level observed in the present study could be due to the concominant increase in generation of free radicals, such as H2O2 and OH., in the testes of the Cd-treated rats. The interaction between Cd and essential trace elements could be one of the reasons for decreased antioxidant enzymes in the rat testis. Bauer et al. [40] reported that Cd 111 was able to occupy the site of Zn in the CuZn-SOD molecule and create an inactive form of the enzyme (CuCd 111 SOD). Moreover, there is increasing evidence that Cd interacts with Selenium (Se) and disrupts GPx activity. Wasowicz et al. [41] found that Cd exposure decreased the Se concentration and GPx activity in both the erythrocytes and plasma of exposed workers. In the present study, Zn supplementation effectively reversed Cd-induced toxicity in the antioxidant system of the rat testis. Zinc is an essential trace mineral that acts as an antioxidant by neutralizing free radical generation [14] . Souza et al. [37] suggested that Zn protection against the cytotoxicity of Cd may be related to the maintenance of normal redox balance inside the cell. Zn could exert a direct antioxidant action by occupying the iron or copper binding sites of lipids, proteins, and DNA [42] . Zinc-deficient male rats have higher levels of LPO, protein oxidation, and decreased SOD activity, which lead to reduced testicular growth and oxidative stress in Cd-exposed rats [6] . The testicular toxicity of cadmium appears to be mediated by a rapid apoptotic process as revealed by an increase in the number of TUNEL-positive cells in the somniferous tubules of treated rats [33] . Our investigation showed that the 8-oxodGuo level increased in the testes of the Cd-treated rats. The mechanism of Cd-induced DNA base oxidation has not been fully elucidated. The available data indicates that Cd exposure induces oxidative DNA damage due to an excess of oxygen-derived free radicals [43] . Our data suggests that metallothionein biosynthesis failed to protect DNA against the oxidative damage induced by Cd in the rat testis. Interestingly, our finding that Zn administration to Cd-exposed rats minimized DNA damage in the rat testis could probably be related to its antioxidant proprieties. Koizumi and Waalkes [44] showed that Zn pretreatment can prevent cadmium-induced testicular tumors. This may be due to the ability of Zn to reduce the cytotoxicity of Cd in interstitial cells by enhancing efflux of Cd and decreasing accumulation of Cd in the nuclei of this target cell population in the rat testis.
In conclusion, Cd altered testicular function by inducing oxidative stress, which could be reversed by administration of Zn.
